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 i 
Abstract 
Alexandra Helen Annis 
The Development of Rhodium-Catalyzed Asymmetric Hydrodormylation of 1-Alkenes to 
Access Chiral Aldehydes  
(Under the direction of James P. Morken) 
 Asymmetric hydroformylation (AHF) is a metal-catalyzed reaction in which CO 
and H2 are added across an olefin to form a new carbon-carbon bond.  AHF has perfect 
atom-economy and is an ideal way to form a chiral aldehyde.  However, the utility of 
branch selective hydroformylation is limited due to a lack of readily available ligands and 
restrictions on a wide variety of terminal olefins.  Herein, Rh-catalyzed asymmetric 
hydroformylation of 1-alkenes is reported using commercially available Ph-BPE ligand to 
generate α-chiral aldehydes.  A wide range of terminal olefins were explored and all 
showed high enantioselectivity (up to 98:2 er) and good regioselectivity (up to 15:1 
branched to linear ratio). 
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I.  Introduction and Background 
Carbon-carbon bond formation is one of the most synthetically useful 
transformations in organic synthesis.  One method to accomplish this is 
hydroformylation, a metal-catalyzed reaction in which CO and H2 are added across an 
olefin to produce an aldehyde and form a new C-C bond.  This process is often referred to 
as the “oxo” process and was discovered at BASF by Otto Roelen in 1938.1   
Hydroformylation of terminal alkenes produces two regioisomeric products, an 
achiral linear product 1.02 and a chiral branched product 1.03 (Scheme 1).  Linear 
selective hydroformylation is an important industrial process.  As seen in Scheme 1, 
hydroformylation of propene produces a mixture of n-butyraldehyde and i-butyraldehyde.  
Aldol condensation of n-butanal followed by hydrogenation results in 2-ethyl-hexan-1-ol, 
which can be converted into di(2-ethylhexyl)phthalate (DEHP), a plasticizer for 
polyvinyl chlorides.1  Branched selective hydroformylation produces chiral aldehydes, 
which are synthetically useful intermediates in chemical and pharmaceutical industries 
although this process is not as fully developed.2 
Scheme 1: Co-catalyzed Hydroformylation of Propene to Yield a Mixture of n-
Butyraldehyde and i-Butyraldehyde  
  
                                                
1 Hartwig, J. F.; Casey, C. P. In Catalytic Carbonylation - Hydroformylation of Olefins; 
Murdzek, J., Ed.; Organotransition Metal Chemistry - From Bonding to Catalysis; 
University Science Books: Mill Valley, California, 2010; pp 751. 
2 Tonks, I. A.; Froese, R. D.; Landis, C. R. ACS Catal. 2013, 3, 2905. 
Me
HCo(CO)4, H2, CO
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H O
Me
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H
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The first generation of hydroformylation catalysts were cobalt catalysts aimed at 
yielding linear products for the production of detergents and plasticizers (Scheme 1).1  
Rhodium catalysts were developed shortly after and demonstrated several advantages 
over cobalt such as enhanced reaction rates and lower operating temperatures and 
pressures.  A major breakthrough in hydroformylation occurred in 1968 when Wilkinson 
developed a rhodium-phosphine catalyst, RhCl(PPh3)3, that demonstrated higher 
selectivity for linear aldehydes than previously reported rhodium catalyst complexes.3  
Furthermore, Wilkinson’s catalyst eliminated alkene isomerization and hydrogenation, a 
problem observed with cobalt catalysts, and it tolerated a wide variety of functional 
groups.4   
In the first section of this thesis, the mechanism and previous work on Rh-
catalyzed asymmetric hydroformylation will be reviewed.  In the following chapter, our 
contributions and related chemistry to this area will be discussed. 
 
 
 
 
 
 
 
 
                                                
3 Casey, C. P.; Whiteker, G. T.; Melville, M. G.; Petrovich, L. M.; Gavney, J. A.; Powell, 
D. R. J. Am. Chem. Soc. 1992, 30, 5535. 
4 Breit, B. Acc. Chem. Res. 2003, 36, 264. 
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A.  Mechanism of Rh-Catalyzed Hydroformylation  
Scheme 2: Proposed Mechanism for Rh-Catalyzed Hydroformylation  
 
Many studies have been performed to determine the mechanism of Rh-catalyzed 
hydroformylation.  As seen in Scheme 2, upon formation of the four-coordinate rhodium-
hydride species i, rhodium can insert into the terminal site (iii) or internal site (vi) of the 
olefin.  Several factors determine the selectivity of rhodium insertion into the olefin.  One 
such factor is the electronic properties of the olefin.  If the R substituent is an electron-
withdrawing group, the olefin becomes polarized and develops an electronic bias for 
rhodium to insert into the internal site of the terminal alkene.5  Examples are styrene 
derivatives, which are predisposed to form the chiral aldehyde due to increased 
stabilization from rhodium π benzyl formation with the vinyl phenyl ring.   
 
 
                                                
5 Dabbawala, A. A.; Jasra, R. V.; Bajaj, H. C. Catalysis Communications 2011, 12, 403. 
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Scheme 3: Proposal for Regioselectivity Based Upon Ligand Bite Angle 
 
The electronic and steric properties of the ligand structure also influence site 
selectivity of rhodium insertion.  One such property is natural bite angle, which is defined 
as the preferred L-M-L angle of a bidentate ligand and is determined solely by the ligand 
backbone structure.  As demonstrated in Scheme 3, ligands with a wider bite angle favor 
bisequatorial (ee) coordination over apical-equatorial coordination (ea).  Ligands with a 
wider bite angle have a larger flexibility range allowing the diphosphine to span the trans 
position in the four-coordinate intermediate.  The bite angles of ligands shown in Scheme 
4 suggests that ligands with wider bite angles react with higher l:b regioselectivity1 and 
give mostly linear product.   
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Scheme 4: Relationship Between Several Ligand Bite Angles and 1:b Selectivity for 1-
Hexene Hydroformylation 
 
Reaction conditions are another factor that influence selectivity.  Increasing CO 
pressure can result in higher regioselectivity and enantioselectivity, but results in lower 
yields.  One study has shown that pressure of H2 has little influence on selectivity.6   
 
 
 
 
 
 
 
 
 
 
 
 
                                                
6 Watkins, A. L.; Landis, C. R. J. Am. Chem. Soc. 2010, 132, 10306. 
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B.  Selective Examples of Rh-Catalyzed Asymmetric Hydroformylation 
Asymmetric hydroformylation (AHF) has attracted research efforts as it produces 
synthetically useful, enantiomerically enriched aldehydes with high atom-economy from 
inexpensive starting material.  A variety of chiral phosphorus catalysts have been studied 
for this purpose although the substrate scope is largely limited to functionalized terminal 
olefins.  One reason for the scope limitation may be that initial studies focused on 
improving enantioselectivity of substrates that are known to favor the chiral branched 
product.   
In 1992, Union Carbide designed (2R,4R)-chiraphite, a chiral diphosphite shown 
in Scheme 5, for AHF in the synthesis of anti-inflammatory 2-aryl-propionic acid drugs, 
such as (S)-naproxen 1.08.7  Using styrene 1.04 as the substrate, (2R,4R)-chiraphite 
delivered a 49:1 branched:linear ratio with 90% ee.  Although regioselectivity and 
enantioselectivy are high, the substrate scope is limited as reaction conditions delivered 
50% ee and 20% ee with 1-hexene and vinyl acetate respectively.8  
 
 
 
 
 
 
 
                                                
7 Klosin, J.; Landis, C. R. Acc. Chem. Res. 2007, 40, 1251. 
8 Buisman, G. J. H.; van der Veen, L. A.; Klootwijk, A.; de Lange, W. G. J.; Kamer, P. 
C. J.; van Leeuwen, P. W. N. M.; Vogt, D. Organometallics 1997, 16, 2929. 
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Scheme 5: The Utility of (2R,4R)-Chiraphite in the Synthesis of 2-Aryl-Propionic Acid 
Drugs  
 
Factors influencing the selectivity of chiral diphosphites have previously been 
studied.  The length of the diolate bridge has a large influence on selectivity with the 1,3-
diol ligand bridge yielding the highest enantioselectivity.  A smaller dihedral angle 
results in a smaller P-Rh-P bite angle, which as previously stated, allows for an 
equatorial-apical resting state.1  Substitution on the bridge has a substantial effect on 
selectivity as well.  It has been demonstrated that ortho substitution on the bisphenol 
moiety increases selectivity furnishing up to 87% ee with styrene as a substrate.8   
Although (2R,4R)-chiraphite showed to be an effective ligand for synthesis of 
anti-inflammatory drugs, the development of a ligand proving effective for a wide 
substrate class was needed.  The next breakthrough in Rh-catalyzed AHF came in 1997 
when Nozaki developed (S,R)-binaphos, a chiral phosphine-phosphite ligand.  (S,R)-
Binaphos was able to catalyze AHF of a wide variety of prochiral olefins including 
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heteroatom-functionalized substrates (Scheme 6).  Although (S,R)-binaphos effectively 
catalyzed AHF of functionalized olefins,  linear substrates did not undergo AHF with 
high selectivity.  1-Butene and 1-hexene were examined and resulted in high 
enantioselectivity, but low regioselectivity, 0.3:1 branched to linear ratio with 82% ee 
and 0.3:1 branched to linear ratio with 83% ee respectively.9      
Scheme 6: Asymmetric Hydroformylation of Heteroatom-Substituted Olefins with (S,R)-
Binaphos 
 
Nozaki also looked at AHF of styrene catalyzed by Rh(acac)L complexes where L 
is one diastereomer of binaphos.  Higher ee’s were obtained with the (R*, S*) isomer and 
lower enantioselectivity was observed with (R*,R*) ligand.  Nozaki also determined that 
enantiofacial selection is determined by the phosphine moiety, not the phosphite moiety.9 
One explanation for the high regio- and enantioselectivity of (S,R)-binaphos may 
be the formation of one catalytically active species.  It is essential to form a single 
catalytically active species to achieve high selectivity.  Ligands with C2 symmetry, such 
as bisphosphines, can form two active catalyst species, bisequatorial (ee) coordination 
and apical-equatorial coordination (ea), and the hydroformylation product can, thus, be 
                                                
9 Nozaki, K.; Sakai, N.; Nanno, T.; Higashijima, T.; Mano, S.; Horiuchi, T.; Takaya, H. 
J. Am. Chem. Soc. 1997, 119, 4413. 
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O
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formed via two different intermediates with different facial selectivity (Scheme 7).  (S,R)-
Binaphos is not C2 symmetric and results in a single metal hydride species upon binding 
in which the phosphine sits equatorial and the phosphite apical.9   
In NMR studies performed by Nozaki on catalytic intermediates, a coupling 
constant of 160 Hz was observed between the phosphorus atom in the phosphite and the 
hydride J{P-H}.  In previous studies, a coupling constant of 152 Hz was reported for J{P 
of apical phosphite-H} and 5 Hz for J{P of equatorial phosphite-H}.  Furthermore, 
Nozaki did not observe rapid pseudorotations of bisequitorial complexes via equatorial-
apical isomers as seen in biphosphine complexes.9       
Scheme 7: Depiction of Two Active Catalyst Species, Bis quatorial (ee) and Apical-
Equatorial (ea) Coordination  
 
Although Binaphos showed high levels of regio- and enantioselectivity with 
functionalized olefins, reaction conditions were not ideal as certain substrates took up to 
78 hours to reach full conversion and linear 1-alkenes were not well tolerated.9  In 2007, 
Landis reported high enantioselectivity and regioselectivity in AHF using (S,S)-
bisdiazaphos ligands.  This chiral diazaphospholane ligand L2 was the most active ligand 
among all phosphorus-based ligands Landis screened including (2R,4R)-chiraphite, (R,S)-
binaphos and (S,S)-kelliphite, another AHF ligand discovered by Dow Chemical 
Company.  AHF of styrene 1.19, allyl cyanide 1.20 and vinyl acetate 1.21 produced a 
6.6:1 b:l ratio with 82% ee, 4.4:1 b:l ratio with 87% ee and 37:1 b:l ratio with 96% ee 
respectively (Scheme 8), with all reactions reaching full conversion after 3 hours.7    
OC Rh
CO
H P
P OC Rh
P
H CO
P
ee ea
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Scheme 8: Asymmetric Hydroformylation of Functionalized Olefins with (S,S)-
Bisdiazaphos 
 
In 2010, Landis performed AHF on 20 substrates comprised of N-vinyl 
carboxamides 1.22, allyl ethers 1.23 and allyl carbamates 1.24 to give chiral 1,2- and 1,3-
aminoaldehydes 1.25 and 1.27 and chiral 1,3-alkoxyaldehydes 1.26 (Scheme 9).  These 
chiral aldehydes are important structural elements in natural products.  Landis observed 
12-51:1 α:β regioselectivity with 20-99% ee with enamide substrates, 0.3-7.1:1 b:l ratio 
with 86-97% ee with allylic substrates and varying selectivity with 1,2-disubstitutued 
olefins.10  High regio- and enantioselectivity with unbiased olefins was not reported.   
 
 
 
 
 
 
 
                                                
10 McDonald, R. I.; Wong, G. W.; Neupane, R. P.; Stahl, S. S.; Landis, C. R. J. Am. 
Chem. Soc. 2010, 132, 14027. 
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Scheme 9: Asymmetric Hydroformylation for the Synthesis of 1,2- and 1,3-
Aminoaldehydes and 1,3-Alkoxyaldehydes       
 
  In 2010, Zhang reported the use of (S,R)-yanphos, a chiral phosphine-
phosphoramidite ligand, in AHF (Scheme 10).  N-allylamides, N-allylsulfonamides and 
N-allylphthalimides all underwent AHF with complete conversion, good regioselectivity 
(1.9-5.3:1 b:l) and excellent enantioselectivity (>92%).11  Improvements in 
enantioselectivity were observed over (R,S)-binaphos of vinyl acetates and vinyl arenes, 
but poor regioselectivity for styrene and vinyl acetate were observed, 7.3:1 and 13.3:1 b:l 
ratio respectively.8     
 
 
 
 
 
 
 
                                                
11 Zhang, X.; Cao, B.; Yu, S.; Zhang, X. Angew. Chem. Int. Ed. 2010, 49, 4047. 
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Scheme 10: Asymmetric Hydroformylation of N-Allylamides, N-Allylsulfinamides and 
N-Allylphthalimides with (S,R)-Yanphos 
 
In 2012, Clarke introduced (Sax,S,S)-bobphos, a chiral non-C2 symmetric 
phosphine phosphite ligand, for AHF.  As shown in Scheme 11, 1-hexene 1.31, an 
unbiased olefin, underwent AHF with good regioselectivity and high enantioselectivity.  
Although (Sax,S,S)-bobphos is a highly selective catalyst, 1-hexene 1.31 only reaches 
78% conversion after 46 hours and required low temperatures.12  
 
 
 
 
 
 
 
                                                
12 Noonan, G. M.; Fuentes, J. A.; Cobley, C. J.; Clarke, M. L. Angew. Chem. Int. Ed. 
2012, 51, 2477. 
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Scheme 11: Asymmetric Hydroformylation of 1-hexene with (Sax,S,S)-Bobphos  
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II. Development of Rh-Catalyzed Enantioselective Hydroformylation of 1-Alkenes 
A. Introduction 
Asymmetric alkene hydroformylation is an attractive method for the formation of 
carbon-carbon bonds.  Inexpensive terminal alkenes, which could be useful building 
blocks for the synthesis of natural products, can be converted into optically active 
aldehydes, which are synthetically useful intermediates of natural products.  However, 
there are not many examples of AHF being used in total synthesis.  This may be due to 
the limited availability of previously developed ligands.  Only recently has AHF been 
achieved with high selectivity for non-activated or lowly activated substrates using (S,R)-
binaphos9, (S,S)-bisdiazaphos10, (S,R)-yanphos11 and (Sax,S,S)-bobphos12 as discussed 
above.  In the next chapter, methods to access optically active aldehydes from non-
activated and lowly activated substrates with a readily available ligand will be discussed.  
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B. Background 
Our group began to study AHF during the planning stages of the total synthesis of 
(+)-discodermolide 1.39.  Key aldehyde 1.37 could be accessed through AHF of allyl 
ethers.  As shown in Scheme 12, the desired aldehyde was previously accessed from 
Roche ester 1.34 in several functional group interconversions.  The same aldehyde 1.37 
can be obtained in two steps from readily available and inexpensive allyl alcohol 1.36 
with AHF (Scheme 12).13 
Scheme 12: Utility of Asymmetric Hydroformylation to Access a Key Chiral Aldehyde 
Starting Material for the Total Synthesis of (+)-discodermolide  
   
Landis has performed successful AHF of protected allyl alcohol derivates using 
the bisdiazaphos ligand.10  Because this ligand is not readily available, our group 
examined other related electron-rich bidentate ligands as an alternative.  Without any 
optimization, Ph-BPE was screened for the AHF of allyl TBS ether 1.40 as it has found 
success in AHF of activated substrates.  Our group found that using Ph-BPE ligand for 
                                                
13 Yu, Z.; Eno, M. S.; Annis, A. H.; Morken, J. P. Org. Lett. 2015, 17, 3264. 
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the reaction of TBS-protected allyl alcohol 1.40, chiral aldehyde 1.41 was formed with a 
3.9:1 branched to linear ratio and 97% ee (Scheme 13).14 
Scheme 13: Asymmetric Hydroformylation of TBS-proptected Allyl Ether with (S,S)-Ph-
BPE 
 
Our group was not the first to use Ph-BPE as a ligand in AHF.  In 2005, Klosin et 
al. examined (R,R)-Ph-BPE for the use of AHF of styrene 1.45, allyl cyanide 1.46 and 
vinyl acetate 1.47 (Scheme 14).  Excellent regio-and enantioselectivity was observed for 
all three electronically biased substrates.15 
Scheme 14: Asymmetric Hydroformylation of Styrene, Allyl Cyanide and Vinyl Acetate 
with (R,R)-Ph-BPE as a Ligand. 
  
 
                                                
14 Yu, Z.; Ely, R. J.; Morken, J. P. Angew. Chem. Int. Ed. 2014, 53, 9632. 
15 Axtell, A. T.; Cobley, C. J.; Klosin, J.; Whiteker, G. T.; Zanotti-Gerosa, A.; Abboud, 
K. A. Angew. Chem. Int. Ed. 2005, 44, 5834. 
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[Rh(acac)(CO)2] (0.02%)
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150 psi, CO/H2
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H
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150 psi, CO/H2
80 °C, toluene, 8 h
PP
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R
R
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*
R
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1.45
45:1 b:l
94% ee
1.46
7.1:1
90% ee
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340:1 b:l
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1.42
 17 
C. Research Goal 
Enantioselective hydroformylation of 1-alkenes is an ideal way to access key 
chiral aldehyde building blocks.  Developing a method utilizing a readily available ligand 
could provide an attractive means to access chiral aldehydes to be used in the context of 
total synthesis.  Inspired by our success with Ph-BPE for AHF of TBS-protected allyl 
alcohol, we decided to further investigate the use of phospholane derived ligands in the 
AHF of non-activated and lowly activated terminal olefins.    
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D. Development of Rh-Catalyzed Enantioselective Hydroformylation 
(i) Catalyst Screen 
 Iridium, cobalt and rhodium are all known to be effective catalysts for 
hydroformylation.  We examined different metal catalysts with Ph-BPE ligand and 
1dodecene 1.48 as a model substrate.  As seen in Scheme 15, Ir(acac)(CO)2 (entry 1) 
reached 60% conversion after 14 hours furnishing a 1.2:1 branched to linear ratio with 
74:26 er.  After 14 hours, Co2(CO)8 (entry 2) yielded a 1.6:1 branched to linear ratio, but 
the reaction only reached 12% conversion.  The enantioselectivity was not determined 
given the low reactivity.  When the reaction was run with Rh(acac)(CO)2 (entry 3), the 
reaction reached 100% conversion with a 1.2:1 branched to linear ratio and 95:5 er.   
 Other Rh catalysts were examined as well (Scheme 15).  After 14 hours, 
[Rh(C2H4)Cl]2 (entry 4) reached 71% conversion with a 1.2:1 branched to linear ratio.  
[Rh(OMe)COD]2 (entry 5) reached 100% conversion after 14 hours, but furnished low 
regioselectivity (0.6:1 branched to linear ratio).  [Rh(BPE)BF4COD] (entry 6) delivered 
comparable regioselectivity (1.1:1 branched to linear ratio), but the catalyst was not fully 
soluble in toluene.  Rh(acac)(CO)2 was, therefore, chosen as the catalyst for optimized 
reaction conditions.       
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Scheme 15: Catalyst Screen of AHF of 1-Dodecene with Ph-BPE Ligand 
 
(ii) Ligand Screen  
1-Dodecene 1.48 was chosen as a model due to the fact that it is not electronically 
biased and, therefore, regioselectivity is a direct measure of ligand control  (Scheme 16).  
Under conditions of 150 psi syngas (CO:H2 1:1) and 80 °C with 0.5 mol% of 
Rh(acac)(CO)2 and 0.55 mol% PPh3, we observed a 0.3:1 branched to linear ratio with 
50:50 er (entry 1).  Chiral monodentate phosphorus ligands (entries 5 and 6) and 
bidentate phosphorus ligands (entries 2, 4 and 5) gave slightly enchanced regioselectivity 
over PPh3, but low enantioselectivity.  None of the ligands surpassed Ph-BPE (entry 8), 
which gave good regioselectivity (1.2:1 b:l) and enantioselectivity (95:5 er).           
 
 
 
 
 
1-dodecene
0.5% catalyst
0.55% (S,S)-Ph-BPE
150 psi, CO/H2
80 °C, toluene
14 h
nonyl
Me
O
nonyl
O
HH
1.48 1.49 1.50
catalyst b:l er
Ir(acac)(CO)2 1.2:1 74:26
1.6:1 -
Rh(acac)(CO)2 1.2:1 95:5
conv (%)
60
12
100
Co2(CO)8
[Rh(C2H4)Cl]2
[Rh(OMe)COD]2
[Rh(BPE)BF4COD]
71 1.2:1 -
100 0.6:1 -
- 1.1:1 -
entry
1
2
3
4
5
6
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Scheme 16: Ligand Screen of AHF of 1-Dodecene with Rh(acac)(CO)2 Catalyst  
 
Given our success with Ph-BPE, we examined other phospholane ligands.  Me-
DuPhos and Me-BPE converted 1-dodecene 1.48 to branched aldehyde 1.49 with useful 
regioselectivity, but low enantioselectivity (Scheme 17).  Lack of enantioinduction may 
be due to insufficient steric bulk of the methyl groups at C2 and C5 of the phospholane 
unit.  Substituting the phospholane methyl groups for a large substituent yielded much 
higher selectivity.  i-Pr-DuPhos provided a branched to linear ratio of 1.1:1 with 93:7 er, 
while Ph-BPE provided a branched to linear ratio of 1.2:1 with 95:5 er (Scheme 17).  The 
greater selectivity of BPE ligands may be due to the more flexible rotation of the ethane 
backbone unlike the phenyl backbone of DuPhos ligands.  Ph-BPE was identified as the 
most effective ligand, giving the best enantioselectivty and slightly higher 
regioselectivity than other ligands.       
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8
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Scheme 17: AHF of 1-Dodecene with DuPhos and BPE Ligands 
 
(iii) Optimization of Rh-Catalyzed Asymmetric Hydroformylation with Ph-BPE 
Ligand 
 Looking to further increase the regioselectivity for the AHF of 1-dodecene, the 
reaction was performed at different temperatures and pressures.  Generally, lower 
temperature results in higher selectivity; we ran the reaction at 40 °C and 60 °C.  As seen 
in Scheme 18, the reaction achieves 1.4:1 branched to linear ratio with 98:2 er at 40 °C 
(entry 1) and 1.3:1 b:l ratio with 97:3 er at 60 °C (entry 2).  Although the selectivity is 
lower than when the reaction is run at 80 °C (1.2:1 branched to linear with 95:5 er), high 
temperature is crucial for effective reaction rates.  At 40 °C (entry 1), the reaction only 
reaches 57% conversion after 36 hours and at 60 °C (entry 2), the reaction reaches 81% 
conversion after 14 hours (Scheme 18).   
 
 
 
1-dodecene
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Scheme 18: Asymmetric Hydroformylation Temperature Screen of 1-Dodecene with Ph-
BPE Ligand  
 
 It has previously been shown that increasing CO pressure increases selectivity.6  
When the reaction was conducted at 75 psi, the selectivity was diminished to 1.1:1 
branched to linear, but when the reaction was ran at 300 psi, the selectivity remained the 
same at 1.2:1 branched to linear.  After balancing reaction selectivity and rate with Ph-
BPE as ligand, 150 psi of syngas at 80 °C in toluene was selected as ideal conditions for 
evaluation of the substrate scope.    
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O
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3
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E. Expanding the Substrate Scope of Enantioselective Hydroformylation of 1-
Alkenes with Ph-BPE Ligand   
(i) Examining Minimal-Electronically Biased Substrates 
 Encouraged by the outcome with electronically unbiased 1-dodecene, we 
investigated substrates with minimal electronic bias.  Substrates of this class have 
previously not been examined extensively.  Chiral α-hydroxy aldehydes were produced 
with moderate regioselectivity and excellent enantioselectivity from homoallylic alcohol 
derivates (Table 1, entries 1-6).  Homoallylic alcohols with more electron-withdrawing 
protecting groups gave a higher branched to linear ratio as TFA 1.61 (3:1 b:l) was more 
selective than Bz 1.57 (2.6:1) which was more selective than TBS 1.51 (2.2:1).  
Substrates with ketone or ester substituents at homoallylic position (1.63 and 1.65) gave 
greater regioselectivity while still maintaining excellent enantioselectivity.  TBS-
protected bishomoallylic alcohol 1.67 yielded effective regioselectivity with high 
enantioselectivity.    
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Table 1: Asymmetric Hydroformylation of Minimal-Electronically Biased 1-Alkenesa 
 
(ii) Examining Ethers, Acetals and Orthoesters  
Given the success of substrates with minimal electronic bias, we decided to look 
at substrates with a stronger electronic bias.  A variety of terminal alkenes with different 
protecting groups and oxidation states at the allylic position were examined (Table 2).  
0.5% Rh(acac)(CO)2
0.55% (S,S)-Ph-BPE
150 psi, CO/H2
80 °C, toluene
14h
O
Me
O
branched (b) linear (l)
R R R
entry substrate product yield (%) b:lb erc
PO
PO
O
1 P=TBS 1.51 65 2.2:1 97:3
2 P=PMB 1.53 60 2.3:1 95:5
3 P=Ac 1.55 62 2.2:1 95:5
4 P=Bz 1.57 69 2.6:1 96:4
5 P=THP 1.59 37 2:1 88:12
6 P=TFA 1.61 63 3:1 NDd
7
t-BuO
O
t-BuO
O Me
O
54 5.5:1 95:5
8
Ph
O
Ph
O Me
O
66 5.2:1 NDd
9 TBSO 2 TBSO
Me
2
O
42 1.2:1 6:94e
1.63 1.64
1.65 1.66
1.67 1.68
P=TBS 1.52
P=PMB 1.54
P=Ac 1.56
P=Bz 1.58
P=THP 1.60
P=TFA 1.62
a Reactions performed with 0.5 mol % of Rh(acac)(CO)2 and 0.55 mol % of (S,S)-Ph-
BPE; [substrate] = 1.0 M.  b Branch:linear ratio determined by 1H NMR analysis. c See 
the Supporting Information for details. d ND = not determined because of instability of 
related products. e Ligand is (R,R)-Ph-BPE for this experiment.
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TBS- allyl alcohols 1.69 yielded high regioselectivity, 3.9:1 b:l, and excellent 
enantioselectivity.  PMB-protected allyl alcohol 1.71 produced even higher 
regioselectivity with a similar level of enantioselectivity (5.5:1 b:l with 96:4 er).  When 
the allyl alcohol was protected as acetate 1.73, the starting material decomposed.  The 
same results were seen with other protecting groups that render the C-O bond labile such 
as a mesylate or tosylate.  One explanation for this observation may come from the 
formation of rhodium π-allyl intermediate16 resulting in elimination of the labile C-O 
bond. 
Of further interest, unsaturated acetal derivates 1.75 and 1.77 provide excellent 
branched to linear ratios, 12:1 and 10:1 respectively, with high enantiomeric excess.  
Orthoester containing aldehyde 1.79 was produced with high regio- and 
enantioselectivity; 15:1 branched to linear ratio with 94:6 enantiomeric ratio (Table 2).  
This aldehyde has been used in the total synthesis of Prelog-Djerassi lactone.17             
 
 
 
 
 
 
 
 
 
                                                
16 Evans, P. A.; Nelson, J. D. J. Am. Chem. Soc. 1998, 120, 5581. 
17 Ho, S.; Bucher, C.; Leighton, J. L. Angew. Chem. Int. Ed. 2013, 52, 6757. 
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Table 2: Asymmetric Hydroformylation of Ethers, Acetals and Orthoesters  
 
R
0.5% Rh(acac)(CO)2
0.55% (S,S)-Ph-BPE
150 psi, CO/H2
80 °C, toluene
14h
R
O
Me R
O
branched (b) linear (l)
entry substrate product yield (%) b:lb er
1 TBSO TBSO
O
Me
72 3.9:1 98:2
2 PMBO PMBO
Me
O
78 5.5:1 96:4
3 AcO AcO
O
Me
- - -c
4
O
OMe
Me
O
OMe
Me
O
Me
91 12:1 96:4
5
O
O
O
O
Me
O
90 10:1 96:4
6
O
OO
Me
O
OO
Me O
Me
91 15:1 94:6
1.69 1.70
1.71 1.72
1.73 1.74
1.75 1.76
1.77 1.78
1.79 1.80
a Reaction performed with 0.5 mol % of Rh(acac)(CO)2 and 0.55 mol % of (S,S)-Ph-BPE;
 [substrate] = 1.0 M.  b Branch:linear ratio; determined by 1H NMR analysis. 
c Decomposition of starting material.
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G. Correlation Between Regioselectivity and Electron-Withdrawing Ability of the 
Alkene 
 As seen in Table 1 and 2, high enantioselectivity is observed for almost all 
terminal alkenes.  Regioselectivity appears to be dependent upon the electronic properties 
of the terminal olefins.  In this regard, Sigman18 has observed a correlation between the 
regioselectivity of Pd-catalyzed Heck reactions and the difference in 13C NMR chemical 
shift (Δδ 13C) between the terminal alkene carbons of a given substrate.18  The difference 
in 13C NMR chemical shifts serves as an indicator of olefin polarization.   
 Similar to the Sigman analysis, we plotted the relative 13C NMR chemical shifts 
(Δδ 13C) for all terminal alkene substrates versus the log of regioselectivity (Figure 1).  A 
strong correlation is not observed across the data set, but a correlation is observed within 
substrates bearing oxygenation at the allylic positon and all other substrates.  It appears 
that inductive effects polarize the terminal alkene and favor the branched product for all 
substrates.  Allylic ether substrates may be additionally stabilized by σC-Rh and σC-O 
orbital mixing of the Rh-insertion intermediate.   
 
 
 
 
 
 
 
                                                
18 Mei, T. S.; Werner, E. W.; Burckle, A. J.; Sigman, M. S. J. Am. Chem. Soc. 2013, 135, 
6830. 
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Figure 1: Plot of Δδ 13C Chemical Shifts Versus Regioselectivity 
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 We performed asymmetric hydroformylation on a multigram scale (7.5 grams) to 
determine the utility of our methodology towards preparative organic synthesis and to 
probe the utility of the reaction with lower catalyst loading.  As shown in Scheme 20, 
allyl silyl ether 1.81 was subjected to AHF with lower catalyst loading (0.02 mol%), 
which reached full conversion in 4 hours.  Asymmetric hydroformylation using our 
conditions is, therefore, a synthetically useful method to produce large quantities of β-
hydroxy aldehydes.      
Scheme 19: Large Scale AHF of Allyl Silyl Ether 
 
 Internal allyl ether 1.83 was also investigated.  AHF with Rh-Ph-BPE converted 
1.83 into chiral aldehyde 1.84 with high regio- and enantioselectivity (Scheme 20).  The 
reaction reached 100% conversion after 15 hours with 7.8:1 proximal to distal ratio and 
91:9 er.  Of importance, chiral aldehyde 1.84 has been used in the total synthesis of a 
chiral lipoxygenase inhibitor.  Previously used intermediate 1.84 was synthesized in four 
steps; AHF may provide a shorter and more efficient method.19   
Scheme 20: AHF of Internal Allyl Ether  
 
III. Conclusion  
                                                
19 Yadav, J. S.; Nanda, S. Tetrahedron: Asymmetry 2001, 12, 3223. 
OTBS 0.02% Rh(acac)(CO)20.024% (S,S)-Ph-BPE
150 psi, CO/H2
toluene (1 equiv)
80 °C
TBSO
Me
O 7.5 grams
>99% conv. (4 hours)
b:l=4:1; 98:2 er
1.81 1.82
PMBO
Me 1% Rh(acac)(CO)21.1% (R,R)-Ph-BPE
150 psi, CO/H2
80 °C, toluene
15 h
PMBO
O
Me
proximal:distal=7.8:1
91:9 er
56% yield
1.83 1.84
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 We have developed an enantioselective hydroformylation method using 
commercially available Ph-BPE ligand with high regio- and enantioselectivity.  This 
reaction proceeds to full conversion with less than 5% side-product formation for all 
olefin substrates.  Even unbiased 1-dodecene produces a 1.2:1 branched to linear ratio 
furnishing a useful yield of chiral aldehyde from readily available and inexpensive 
starting material.  Our methodology allows for the production of many synthetically 
useful chiral aldehydes from simple 1-alkenes with excellent enatioselectivity and good 
regioselectivity.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IV. Experimental  
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General Information:  
 
 1H-NMR spectra were recorded on a Varian Gemini-500 (500 MHz) 
spectrometer. Chemical shifts are reported in ppm with the solvent resonance as the 
internal standard (CDCl3: 7.26 ppm). Data are reported as the following: chemical shift, 
integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, 
app = apparent), and coupling constants (Hz). Coupling constants are reported to the 
nearest 0.5 Hz. 13C NMR spectra were recorded on a Varian Gemini-500 (125 MHz) 
spectrometer with complete proton decoupling. Chemical shifts are reported in ppm with 
the solvent resonance as the internal standard (CDCl3: 77.23 ppm). Infrared (IR) spectra 
were recorded on a Burker alpha spectrophotometer, νmax cm-1. Bands are characterized 
as broad (br), strong (s), medium (m), and weak (w). High-resolution mass spectrometry 
(ESI) was performed at the Mass Spectrometry Facility, Boston College.  
 Liquid Chromatography was performed using forced flow (flash 
chromatography) on silica gel (SiO2, 230×450 Mesh) purchased from Silicycle. Thin 
Layer Chromatography was performed on 25 µm silica gel plates purchased from 
Silicycle. Visualization was performed using ultraviolet light (254 nm), potassium 
permanganate (KMnO4) in water, 2,4-dinitrophenylhydrazine (2,4-DNP) in water/ethanol 
or phosphomolybdic acid (PMA) in ethanol. Optical rotations were measured on a 
Rudolph Analytical Research Autopol IV Polarimeter. Analytical chiral supercritical 
fluid chromatography (SFC) was performed on a TharSFC Method Station II equipped 
with Waters 2998 Photodiode Array Detector.  
 All reactions were conducted in oven- or flame-dried glassware under an inert 
atmosphere of nitrogen or argon. Tetrahydrofuran (THF), toluene, diethyl ether (Et2O) 
and dichloromethane (DCM) were purified using a Pure Solv MD-4 solvent purification 
system from Innovative Technology Inc. by passing through two activated alumina 
columns after being purged with argon. Hydroformylation reactions were performed in an 
Argonaut Technologies Endeavor® Catalyst Screening System or 100-600 mL pressure 
vessel by Parr Instrument Company with a gage block using 1:1 H2/CO supplied by 
Airgas, Inc. (Acetylacetonato)dicarbonylrhodium (I) [Rh(acac)(CO)2] and (−)-1,2-
Bis((2R,5R)-2,5-diphenylphospholano)ethane [(S,S)-Ph-BPE] were purchased from Strem 
Chemicals, Inc. and used without further purification. All other reagents were purchased 
from Aldrich, Alfa Aesar, or Fisher and used without further purification.  
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I. Preparation of Terminal Olefins 
 
Preparation of (Allyloxy)(tert-butyl)dimethylsilane 
 
t-Butyldimethylsilylallylether 1.69 (Table 2, entry 1) was prepared using a known 
procedure and all spectral data are in accordance with literature report.20  
 
Preparation of 1-((allyloxy)methyl)-4-methoxybenzene 
 
para-Methoxybenzyl allyl ether 1.71 (Table 2, entry 2) was prepared using a 
known procedure and all spectral data are in accordance with the literature report.21 
 
Preparation of 5,5-dimethyl-2-vinyl-1,3-dioxane 
 
 Acetal 1.71 (Table 2, entry 4) was prepared using a known procedure and all 
spectral data are in accordance with the literature report.22 
 
Preparation of 3-vinyl-1,5-dihydrobenzo[e][1,3]dioxepine. 
 
1,2-Benzenedimethanol SI-1 was prepared according to a literature procedure.23 
Diol SI-1 (3.3 g, 23.9 mmol) and catalytic (approximately 10 mg) p-TsOH were 
dissolved in dry CH2Cl2 (12 mL) in a 50 mL round bottom flask, and stirred with MgSO4 
under nitrogen. Acrolein (1.59 mL, 23.9 mmol) was added dropwise to the mixture at 
room temperature and stirred overnight. The resulting mixture was filtered and 
concentrated. The residue was purified by silica gel chromatography to afford the titled 
                                                
20 Su, C. C.; Williard, P. G. Org. Lett. 2010, 12, 5378. 
21 Chênevert, R.; Dasser, M. J. Org. Chem. 2000, 65, 4529. 
22 Doumèche, B.; Archelas, A.; Furstoss, R. Adv. Synth. Catal. 2006, 348, 1948. 
23 Steffen, J.; Lei, X. G.; Li, W; Liu, Z. Q.; Turro, N. J.; Ottaviani, M. F.; Abrams, L. J. Org. 
Chem. 2002 , 67, 2606. 
OH +
imidazole
DCM
TBSCl OTBS
1.69
OH + PMBCl OPMB
1.71
NaH
Bu4NI
THF
OHHO
MeMe O p-TsOH
O
O
Me
Me
1.75
O
O
O
LAH, THF
reflux OH
OH O
p-TsOH
O
O
1.77
SI-1
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compound 1.77 (Table 2, entry 5) as a colorless oil (3.3 g, 79% yield). All spectral data 
are in accordance with literature report.24 
 
Preparation of 4-methyl-1-vinyl-2,6,7-trioxabicyclo[2.2.2]octane 
 
 Vinyl-trioxobicyclo[2.2.2.]octane 1.79 (Table 2, entry 6) was prepared using a 
known sequence from commercially available 3-methyl-3-oxetanemethanol and all 
spectral data are in accordance with the literature.25  
 
Preparation of (but-3-en-1-yloxy)(tert-butyl)dimethylsilane 
 
Homoallylether 1.51 (Table 1, entry 4) was prepared using a known a procedure 
and all spectral data are in accordance with the literature.26 
 
Preparation of 1-((but-3-en-1-yloxy)methyl)-4-methoxybenzene 
 
  Homoallylether 1.53 (Table 1, entry 2) was prepared using known procedure and 
all spectral data are in accordance with the literature report.27  
 
Preparation of 3-buten-1-yl acetate 
 
Homoallyl acetate 1.55 (Table 1, entry 3) was prepared by a known procedure and 
all spectral data are in accordance with the literature report.28 
                                                
24 Arab, K. E.; Hanan, A. Q,; Patrick, M. H. J. Organomet. Chem. 2002, 656, 168. 
25 Risi, R. M.; Burke, S. D. Org. Lett. 2012, 14, 2572. 
26 Ghosh, A. K.; Li, J. -F. Org. Lett. 2009, 11,  4164. 
27 Raghavan, S.; Krishnaiah, V. J. Org. Chem. 2010, 75, 748.  
28 Fürstner, A.; Müller, T. Synlett. 1997, 1997, 1010. 
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Preparation of but-3-en-1-yl benzoate 
 
Homoallyl benzoate 1.57 (Table 1, entry 4) was prepared by a known procedure 
and all spectral data are in accordance with the literature report.29 
 
Preparation of 2-(but-3-en-1-yloxy)tetrahydro-2H-pyran 
 
Tetrahydropyran 1.59 (Table 1, entry 5) was prepared using a known procedure 
and all spectral data are in accordance with the literature report.30  
 
Preparation of but-3-en-1-yl 2,2,2-trifluoroacetate 
 
 To a 25 mL round bottom flask equipped with a stir bar, was added 3-buten-1-ol 
(0.65 mL, 7.5 mmol) followed by dichloromethane (7.5 mL). The reaction was cooled to 
0 °C in an ice bath and charged with pyridine (1.20 mL, 15.0 mmol) followed by drop-
wise addition of trifluoroacetic anhydride (1.79 mL, 12.75 mmol). The reaction was 
allowed to stir at 0 °C for 14 hours. The reaction was then diluted with deionized water 
(10 mL) and extracted twice with diethyl ether (5 mL), the organic layers were combined 
and washed with 1M HCl (2 x 5 mL), saturated aqueous NaHCO3, and saturated aqueous 
NaCl. The organic layer was then dried over anhydrous sodium sulfate and concentrated 
in vacuo. The crude product was purified by Kugelrohr distillation under N2 at 100 °C to 
afford a light yellow oil (1.11g, 94 % yield).  
 
But-3-en-1-yl 2,2,2-trifluoroacetate (1.61, table 1, entry 6): 1H NMR 
(500 MHz, CDCl3): δ 5.77 (1H, ddt, J = 17.0 Hz, 10.0 Hz, 7.0 Hz), 5.18 (1H, q, J = 1.5 
Hz), 5.16-5.13 (1H, m), 4.40 (2H, t, J = 7.0 Hz), 2.50 (2H, dq, J  = 7.0 Hz, 1.0 Hz); 13C 
NMR (150 MHz, CDCl3): δ 157.5 (q, J = 157.5), 132.3, 118.5, 114.5 (q, J = 283.9), 66.9, 
32.5; 19F (470 Hz, CDCl3): δ −75.2; IR (neat): 2958 (m), 2925 (s), 2871 (m), 2854 (m), 
1734 (s), 1458 (m), 1262 (m), 1163 (m), 1029 (w) cm-1; HRMS-(ESI+) for C6H8F3O2 
[M+H]: calculated: 168.0476, found 167.0471.  
 
Preparation of but-3-enoic acid tert-butyl ester 
                                                
29 Zhang, M.; Vedanthanm, P.; Flynn, D. L.; Hanson, P. R. J. Org. Chem. 2004, 69, 8340. 
30 Hernandez, D.; Nielsen, L.; Lindsay, K. B.; Lopez-Garcia, A.; Bjerglund, K.; Skrydstrup, T.; 
Org. Lett. 2010, 12, 3528. 
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t-Butyl ester 1.63 (Table 1, entry 7) was prepared using a known procedure and 
all spectral data are in accordance with the literature report.31 
 
Preparation of 1-phenyl-but-3-en-1-on 
 
To an oven dried 50 mL round bottom flask with stir bar was added aluminum 
chloride (730.0 mg, 5.5 mmol). The flask was capped with a septa and purged with N2.  
To this was added dichloromethane (20 mL) followed by dropwise addition of benzoyl 
chloride (0.58 mL, 5.0 mmol).  The reaction was allowed to stir for 20 minutes prior to 
dropwise addition of allyltrimethylsilane (0.96 mL in 2.0 mL dichloromethane, 6.0 
mmol).  The reaction was allowed to stir for 4 hours at room temperature.  The reaction 
mixture was quenched with ice-cold deionized water and washed three times with 
dichloromethane.  The organic layers combined, dried over magnesium sulfate, 
concentrated in vacuo and purified on silica gel (30:1 pentane: diethyl ether) to afford 
1.65 as a clear, colorless oil (866.4 mg, quantitative yield) (Table 1, entry 8). Rf = 0.31 
(30:1 pentane: diethyl ether, stain in KMnO4).  All spectral data are in accordance with 
the literature.32 
 
Preparation of (1,1-dimethylethyl)(dimethyl)(4-pentenyloxy)silane 
 
Bishomoallyl ether 1.67 (Table 1, entry 9) was prepared using literature procedure 
and all spectral data are in accordance with literature.33 
 
 
 
 
 
 
                                                
31 Ramachandran, P.V.; Nicponski, D.; Kim, B. Org. Lett. 2013, 15, 1398. 
32 Moriyama, K.; Takemura, M.; Togo, H. J. Org. Chem. 2014, 79, 6094. 
33 (a) Kovtonyuk, V.N.; Kobrina, L.S.; Gatilov, Y.V.; Bagryanskaya, I.Y.; Fröhlich, R.; Haufe, G. 
J. Chem. Soc., Perkin Trans. 1 2000, 1929. (b) Kwan, E.E.; Scheerer, J.R.; Evans, D.A. J. Org. 
Chem. 2013, 78, 175. 
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II. Preparation of Internal Cis-allyl Ether 
 
 
 A flamed dried 100 mL round bottom flask with stir bar was charged with NaH 
(360 mg, 15 mmol) and 20 mL THF under N2. After cooling to 0oC, cis-2-penten-1-ol 
(1.1 mL, 11 mmol) was added dropwise via syringe, which was allowed to stir at 0oC for 
45 min. Then Bu4NI (50 mg, catalytic) and PMBCl (1.4 mL, 10 mmol) were added 
sequentially at 0 oC, and the solution was allowed to warm to room temperature and stir 
overnight. The reaction was quenched with NH4Cl aqueous solution and the layers were 
separated. The aqueous layer was extracted with EtOAc (3 × 20 mL), and the combined 
organics were dried over Na2SO4, filtered, and concentrated by rotary evaporation. The 
crude reaction mixture was purified by silica gel chromatography (diethyl ether : hexanes 
= 1:10) to afford 1.83 as a clear, colorless oil. Rf = 0.53 (6:1 hexanes: diethyl ether, stain 
in KMnO4). 
 
 (Z)-1-Methoxy-4-((pent-2-en-1-yloxy)methyl)benzene (Scheme 
20, 1.83). 1H NMR (500 MHz, CDCl3): δ 7.27 (2H, d, J = 9.5 Hz), 
6.88 (2H, d, J = 9.0 Hz), 5.60-5.54 (2H, m), 4.44 (2H, s), 4.04 (2H, 
d, J = 6.0 Hz), 3.81 (3H, s), 2.06 (2H, quin, J = 7.5 Hz), 0.97 (3H, t, J = 7.5 Hz); 13C 
NMR (125 MHz, CDCl3): δ 159.4, 135.6, 130.8, 129.6, 125.7, 114.0, 71.9, 65.5, 55.5, 
21.1, 14.4; IR (neat): 3011 (w), 2836 (w), 1613 (m), 1513 (s), 1463 (w), 1302 (m), 1247 
(s), 1172 (m), 1082 (s), 1036 (s), 820 (s) cm-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PMBO
Me
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Me NaH, PMBCl
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III. Procedure of Asymmetric Hydroformylation Reactions 
 
Representative Procedure A: (Argonaut Technologies Endeavor®, 0.5% catalyst 
loading): Reactions were conducted in an Argonaut Endeavor® reactor system which has 
eight reactor wells. Each well to be used was charged with approximately 0.5 mL of 
toluene in an oven dried glass vial. The Endeavor was sealed and purged with nitrogen (4 
x 100 psi). Meanwhile an oven-dried two dram-vial in dry box under an argon 
atmosphere was charged with alkene (1.0 mmol) and 0.5 mL of toluene followed by 0.5 
mL of a rhodium/ligand stock solution (0.010 M Rh(acac)(CO)2/0.011M (S,S)-PhBPE in 
toluene). The reaction mixture was then taken up in a syringe, removed from dry box and 
injected into the Endeavor. After injection the Endeavor was purged with nitrogen (1 x 
100 psi), stirred at 250 rpm, and heated to 80 °C for 10 min. Stirring was stopped and the 
Endeavor charged with 150 psi of syngas (1:1 CO/H2), stirring was brought to 700 rpm 
and heated to desired reaction temperature (80 °C). When the reaction was complete 
(indicated by syngas uptake) the Endeavor was vented, cooled and the vials were 
removed before the solvent evaporated in vacuo.  
 
Representative Procedure B: (Parr Reactor, 0.5% catalyst loading): To an oven-dried 
two dram vial with stir bar in dry box under an argon atmosphere was added alkene (1.0 
mmol) and 0.5 mL of toluene. The vial was then charged with 0.5 mL of a 
rhodium/ligand stock solution (0.010 M Rh(CO)2acac/0.011M (S,S)-PhBPE in toluene) 
and sealed with a septum cap and removed from dry box. At this time the reaction vial 
was brought to the pressure vessel and the septa cap pierced with a 22-gauge sterile 
needle and then the reactor was sealed and pressurized with 500 psi of Synthesis gas (1:1 
CO/H2). Once pressurized the gas was slowly allowed to vent until the parr reactor gauge 
read 0 psi, the parr reactor was then pressurized and vented two more times in the same 
manner before pressurizing to the final desired reaction pressure. Following this purging 
process the parr reaction was placed in an oil bath, heated to the desired temperature and 
allowed to stir at 800 rpm for the desired reaction time. At the end of the reaction the oil 
bath was removed and parr reactor allowed to cool and then placed in an ice bath before 
venting. The vial was removed and the solvent evaporated in vacuo. 
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IV. Characterization of Reaction Products and Analysis of Stereochemistry 
 
 (S)-2-Methyldodecanal (compound 1.48, scheme 
15): The title compound was prepared via 
Representative Procedure A with 1-dodecene 1.48. The 
crude reaction mixture was purified on silica gel (100% 
pentane to 40:1 pentane: diethyl ether) to afford a clear, colorless oil (mixture of 
branched and linear isomers, 196 mg, 99% yield). Rf  = 0.07 (40:1 pentane: diethyl ether, 
stain in 2,4-DNP). [α]22D = +38.7 (c = 0.421, CHCl3, l = 50 mm). Spectral data are in 
accordance with literature.34 
 
Analysis of Stereochemistry:  
 The titled compound 1.48 was subjected to NaBH4 reduction followed by 
benzoate protection, as depicted below. The analogous racemic material was prepared via 
the same route, using triphenylphoshine as achiral ligand in the hydroformylation 
reaction. Optical purity was determined by SFC analysis of the derived benzoate. 
Absolute stereochemistry was determined by analogy to the optical rotation of (S)-2-
methyldecanal reported in the literature.35 
 
 
Chiral SFC (Chiralpak, AD-H, 35 oC, 3 mL/min, 2% mixed solvent (Isopropanol:hexane = 
1:1) 100 bar, 210-270 nm) – analysis of benzoate. 
                                                
34 Wakabayashi, T.; Mori, K.; Kobayashi, S. J. Am. Chem. Soc. 2001, 123, 1372. 
35 Oppolzer, W.; Darcel, C.; Rochet, P.; Rosset, S.; Brabander, J. D. Helv. Chim Acta 1997, 80, 
1319. 
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                   Enatnioenriched Sample                                                 Racemic Sample  
    
 
 (S)-3-((tert-Butyldimethylsilyl)oxy)-2-methylpropanal. (compound 
1.70, table 2).  Representative procedure A was used with the following 
modifications. Olefin 1.69 (7.7 g, 45 mmol), Rh(acac)(CO)2 (4.6 mg, 
0.018 mmol), (S,S)-Ph-BPE (17.4 mg, 0.022 mmol) and toluene (5.1 mL). 
The reaction was stopped with full conversion observed after 8 h. The crude reaction 
mixture was purified on silica gel (hexane: diethyl ether = 20:1) to afford a clear colorless 
oil (6.54 g, 72% yield). [α] 21D = +32 (c = 0.72, CHCl3, l = 50 mm). All spectral data are 
in accordance with literature.36 
 
Analysis of Stereochemistry 
The titled compound 1.70 was converted to the corresponding p-methoxybenzyl 
ether as shown below. The resulting benzyl ether was compared to racemic material 
prepared from 2-methyl-propan-1,3-diol. Absolute stereochemistry was assigned by 
comparing optical rotation to literature [α] 22D = +19.5 (c = 1.00, CHCl3, l = 50 mm).36 
 
 
                                                
36 Altendorfer, M.; Raja, A.; Sasse, F.; Irschikc, H.; Menche, D. Org. Biomol. Chem. 2013, 11, 
2116. 
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Chiral HPLC (Chiralpak, AD-H, 25 oC, 3 mL/min, 5% Isopropanol in hexane, 220 nm) – 
analysis of benzyl ether. 
 
 
 
 
(S)-3-((4-Methoxybenzyl)oxy)-2-methylpropanal (compound 1.72, 
table 2). The title compound was prepared via representative procedure B 
using olefin 1.85. The crude reaction mixture was purified on silica gel 
(2:1 pentane: diethyl ether) to afford a clear, colorless oil (136 mg, 78% yield). Rf  = 0.78 
(1:1 pentane: diethyl ether, stain in KMnO4).  [α] 21D = +29 (c = 0.72, CHCl3, l = 50 mm). 
All spectral data are in accordance with literature report.36 
 
Analysis of Stereochemistry: 
The titled compound 1.72 was reduced to the corresponding p-methoxybenzyl 
ether as shown below. The resulting benzyl ether was compared to racemic material 
prepared from 2-methyl-1,3-propanediol as shown below. Absolute stereochemistry was 
assigned by comparing optical rotation to literature [α] 22D = +30.5 (c = 1.00, CHCl3).36  
 
Chiral HPLC (Chiralpak, AD-H, 25 oC, 3 mL/min, 5% Isopropanol in hexane, 220 nm) – 
analysis of benzyl ether. 
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 (R)-2-(5,5-Dimethyl-1,3-dioxan-2-yl)propanal (compound 1.76, 
table 2). The title compound was prepared via representative 
procedure B using olefin 1.75. The crude reaction mixture was purified 
on silica gel (4:1 pentane: diethyl ether) to afford a yellow oil (157 mg, 
92% yield). Rf  = 0.57 (4:1 pentane: diethyl ether, stain in KMnO4)  [α] 21D = +54 (c = 
0.88, CHCl3, l = 50 mm). All spectral data are in accordance with literature report.37 
 
Analysis of Stereochemistry: 
The titled compound 1.90 was compared to racemic material. Absolute 
stereochemistry was assigned by analogy. 
 
 
Chiral GC (β-dex-120, supelco, 100 oC, 20 psi)-analysis of 13. 
 
                                                
37 Tanaka, K.; Fujimori, Y.; Saikawa, Y; Nakata, M. J. Org. Chem. 2008, 73, 6292. 
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 (R)-2-(1,5-Dihydrobenzo[e][1,3]dioxepin-3-yl)propanal 
(compound 1.78, table 2). The title compound was prepared via 
representative procedure B using olefin 1.77. The crude reaction 
mixture was purified on silica gel (4:1 pentane: diethyl ether) to afford 
a white solid (185 mg, 90% yield). Rf = 0.17 (4:1 pentane: diethyl ether, stain in CAM). 
[α] 21D = +46 (c = 0.90, CHCl3, l = 50 mm). All spectral data are in accordance with the 
literature.38  
 
Analysis of Stereochemistry: 
The titled compound 1.78 was converted to the corresponding alcohol as shown 
below. The resulting alcohol was compared to racemic material prepared from racemic 
aldehyde as shown below. Absolute stereochemistry was assigned by analogy. 
 
 
Chiral SFC (Chiralpak, AS-H, 35 oC, 5 mL/min, 5% Isopropanol, 100 bar, 210-270 nm) – 
analysis of alcohol. 
                                                
38 Yu, Z, -Y., Ely, R. J.; Morken, J. P. Angew. Chem. Int. Ed. 2014, 53, 9632. 
O
O
Me
O NaBH4
O
O
Me
OH
1.78
optically pure sample
racemic sample
TBSO O
Me
OH
OH
1. pTsOH
2. TBAF
O
O
Me
OH
 43 
  
   
 
 (R)-2-(4-Methyl-2,6,7-trioxabicyclo[2.2.2]octan-1-yl)propanal 
(compound 1.80, table 2). The title compound was prepared via 
representative procedure B using olefin 1.79. The crude reaction 
mixture was purified on silica gel (1:1 pentane: diethyl ether) to afford 
a white solid (185 mg, 90% yield). Rf =0.8 (1:1 pentane: diethyl ether, stain in 2,4-DNP). 
[α] 21D = +66 (c = 0.72, CHCl3, l = 50 mm). All spectral data are in accordance with 
literature report.39  
 
Analysis of Stereochemistry: 
The titled compound 1.80 was converted to corresponding p-methoxybenzyl ether 
as shown below. The resulting benzyl ether was compared to racemic material prepared 
from 2-methyl-1,3-propanediol as shown below. 
 
 
                                                
39 Risi, R. M.; Burke, S. D. Org. Lett. 2012, 14, 2572. 
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Chiral HPLC (Chiralpak, AD-H, 25 oC, 1 mL/min, 5% Isopropanol in hexane, 220 nm) – 
analysis of benzyl ether. 
 
 
 
 (S)-4-((tert-Butyldimethylsilyl)oxy)-2-methylbutanal (compound 
1.52, table 1). The titled compound was prepared via representative 
procedure A with olefin 1.51. The crude reaction mixture was purified 
on silica gel (20:1 hexane: diethyl ether) to afford a clear, colorless oil 
(138 mg, 64% yield). [α]22D = +18 (c = 1.0, CHCl3. l = 50 mm). All spectral data are in 
accordance with literature.40 
 
Analysis of Stereochemistry:  
 The titled compound was subjected to NaBH4 reduction followed by benzoate 
protection and TBS removal. The analogous racemic material was prepared by employing 
PPh3 as ligand in hydroformylation of olefin 1.51. Optical purity was determined by 
chiral HPLC analysis of the derived alcohol. Absolute stereochemistry was determined 
by analogy the optical rotation reported in the literature.40 
 
                                                
40 (a) Fürst, R.; Rinner, U. J. Org. Chem. 2013, 78, 8748. (b) Enders, D.; Vicario, J. L.; Job, A.; 
Wolberg, M.; Müller, M. Chem. Eur. J. 2002, 8, 4272. 
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Chiral HPLC (Chiralpak, AD-H, 25 oC, 1 mL/min, 3 % Isopropanol in hexane, 220 nm) – 
analysis of alcohol. 
  
 
 
 (S)-4-((4-Methoxybenzyl)oxy)-2-methylbutanal (compound 1.54, 
table 1): The titled compound was prepared via Representative 
Procedure A with olefin 1.53. The crude reaction mixture was purified 
on silica gel (10:1 pentane: diethyl ether) to afford a clear, colorless oil 
(133 mg, 60% yield). Rf =0.17 (5:1 pentane: diethyl ether, stain KMnO4). [α]22D = +15.5 
(c = 0.522, CHCl3, l = 50 mm). All spectral data are in accordance with the literature.41 
 
Analysis of Stereochemistry:  
 The title compound was subjected to NaBH4 reduction followed by benzoate 
protection, as depicted below. The analogous racemic material was prepared via the same 
route, using triphenylphoshine as achiral ligand in the hydroformylation reaction. Optical 
purity was determined by SFC analysis of the derived compound as compared to racemic 
product. Absolute stereochemistry was determined by comparing to the optical rotation 
reported in the literature.42  
 
                                                
41 Takagi, R.; Tsuyumine, S.; Nishitani, H.; Miyanaga, W.; Ohkata, K. Aust. J. Chem. 2004, 57, 
439. 
42 Chen, J. L.-Y.; Brimble, M. A. J. Org. Chem. 2011, 76, 9417. 
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Chiral SFC (OD-H, Chiralpak, 215nm, 3.0 mL/min, 10% i-PrOH, 100 bar, 35°C)-
analysis of benzoate protected compound.  
  
Enatnioenriched Sample   Racemic Sample                         Co-injection 
 
 
 (S)-4-Acetoxy-2-methyl butanal (compound 1.56, table 1): The title 
compound was prepared with Representative Procedure A with olefin 
1.55. The crude reaction mixture was purified on silica gel (7:1 pentane: 
diethyl ether) to afford a clear, colorless oil (54 mg, 63% yield). Rf  = 
0.26 (7:1 pentane: diethyl ether, stain in KMnO4). 1H NMR (500 MHz, CDCl3): δ 9.63 
(1H, d, J = 1.5 Hz), 4.14-4.11 (2H, m), 2.48 (1H, dd, J = 14.0 Hz, 7.0 Hz), 2.11-2.04 (1H, 
m), 2.02 (3H, m), 1.73-1.66 (1H, m) 1.14 (3H, dd, J = 7.5 Hz, 2.0 Hz); 13C NMR (125 
MHz, CDCl3): δ 203.7, 170.9, 61.8, 43.5, 29.3, 20.8, 13.2; IR (neat): 2968 (w), 2932 (w), 
1737 (s), 1459 (w), 1388 (w), 1367 (w), 1237 (s), 1052 (w) cm-1; HRMS-(ESI+) for 
C7H12O3 [M+NH4]+: calculated: 162.1130, found 162.1134. [α]22D = +2.25 (c = 0.481, 
CHCl3, l = 50 mm).  
 
Analysis of Stereochemistry:  
  The title compound was subjected to NaBH4 reduction followed by benzoate 
protection, as depicted below. The analogous racemic material was prepared via the same 
route, using triphenylphoshine as achiral ligand in the hydroformylation reaction.  Optical 
purity was determined by SFC analysis of the derived compound as compared to racemic 
product. Absolute stereochemistry was determined by analogy.  
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Chiral SFC (OD-H, Chiralpak, 215nm, 3.0 mL/min, 1% i-PrOH, 100 bar, 35°C)-analysis 
of benzoate.  
  
     Enantioenriched Sample                             Racemic Sample                               Co-injection 
 
 
 (S)-3-Methyl-4-oxobutyl benzoate (compound 1.58, table 1): The title 
compound was prepared with representative procedure A with olefin 
1.57. The crude reaction mixture was purified on silica gel (3:1 pentane: 
diethyl ether) to afford a clear, colorless oil (142 mg, 69% yield). Rf = 
0.19 (3:1 pentane: diethyl ether, stain in 2,4-DNP). 1H NMR (500 MHz, CDCl3): δ 9.71 
(1H, d, J = 1.5 Hz), 8.10-8.00 (2H, m), 7.56 (1H, tt, J = 7.5 Hz, 1.5 Hz), 7.44 (2H, t, J = 
8.0 Hz), 4.44-4.37 (2H, m), 2.59 (1H, tt, J = 7.0 Hz, 1.5 Hz), 2.25 (1H, dq, J = 14.5 Hz, 
6.5 Hz), 1.85 (1H, dq, J = 14.5 Hz, 6.5 Hz), 1.21 (3H, d, J = 7.5 Hz); 13C NMR (125 
MHz, CDCl3): δ 203.8, 166.4, 133.0, 129.6, 128.4, 62.4, 29.5, 13.3; IR (neat): 2968 (m), 
2931 (m), 1717 (s), 1452 (m), 1272 (s), 1070 (m), 936 (w), 711 (m) cm-1; HRMS-(ESI+) 
for C12H15O3 [M+H]: calculated: 207.1021, found 207.1015. [α]22D = +38.9 (c = 0.723, 
CHCl3).  
 
Analysis of Stereochemistry:  
The title compound was subjected to NaBH4 reduction followed by benzoate 
protection, as depicted below. The analogous racemic material was prepared via the same 
route, using triphenylphoshine as achiral ligand in the hydroformylation reaction.  Optical 
purity was determined by SFC analysis of the derived compound as compared to racemic 
product. Absolute stereochemistry was determined by analogy.  
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Chiral SFC (OJ-H, Chiralpak, 215nm, 3.0 mL/min, 2% i-PrOH, 100 bar, 35°C)-analysis 
of bis-benzoate.  
  
           Enatnioenriched Sample                   Racemic Sample                               Co-injection 
 
 
 (2S)-2-Methyl-4-((tetrahydro-2H-pyran-2-yl)oxy)butanal 
(compound 1.60, table 1): The title compound 1.60 was prepared 
using representative procedure A with olefin 1.59. The crude reaction 
mixture was purified on silica gel (20:1 pentane: diethyl ether) to 
afford a colorless oil as a 1:1 mixture of inseparable diastereomers (114 mg, 35% yield). 
Rf = 0.17 (10:1 pentane: diethyl ether, stain in 2,4-DNP). 1H NMR (500 MHz, CDCl3): δ 
9.65 (1H, d, J = 1.5 Hz), 9.64 (1H, d, J = 2.0 Hz), 4.56-4.55 (2H, m), 3.52-3.48 (2H, m), 
3.43 (2H, dddd, J = 22.0 Hz, 12.5 Hz, 7.0 Hz, 6.0 Hz), 2.56-2.47 (2H, m), 2.03 (2H, ddt, 
J = 14.0 Hz, 7.5 Hz, 5.5 Hz), 1.80-1.66 (6H, m), 1.58-1.49 (8H, m), 1.13 (3H, d, J = 1.5 
Hz), 1.12 (3H, d, J = 2.0 Hz); 13C NMR (125 MHz, CDCl3): δ 204.7, 98.9, 98.8, 64.8, 
64.5, 62.2, 44.0, 43.8, 31.0, 30.8, 30.5, 25.4, 19.4, 13.3, 13.1; IR (neat): 2939 (m), 2872 
(m), 2714 (w), 1723 (s), 1120 (m), 1022 (m), 973 (s), 732 (m), cm-1; HRMS-(ESI+) for 
C10H19O3 [M+H]: calculated: 187.1334, found 187.1344. [α]D22 = +26.3 (c = 0.646, 
CHCl3, l = 50 mm).  
 
Analysis of Stereochemistry:  
 49 
 The title compound was subjected to NaBH4 reduction, followed by removal of 
the tetrahydropyranyl ether group and bis-benzoyl protection, as depicted below. The 
analogous racemic material was prepared via the same route, using tricylcohexylphoshine 
as achiral ligand in the hydroformylation reaction. Optical purity was determined by SFC 
analysis of the derived compound. Absolute stereochemistry was determined by analogy. 
 
 
Chiral SFC (OJ-H, Chiralpak, 215nm, 3.0 mL/min, 2% i-PrOH, 100 bar, 35°C)-analysis 
of benzoate protected compound.  
 
Enantioenriched Sample                                    Racemic Sample                               Co-injection 
 
 
 
 (S)-3-methyl-4-oxobutyl 2,2,2-trifluoroacetate (compound 1.62, 
table 1): The title compound was prepared using representative 
procedure A with olefin 1.61. The crude reaction was purified on silica 
gel (7:1 pentane: diethyl ether) to afford a yellow oil (124 mg, 63% 
yield). Rf = 0.25 (7:1 pentane: diethyl ether, stain in 2,4-DNP). ). 1H NMR (500 MHz, 
CDCl3): δ 9.67 (1H, s), 4.43 (2H, t, J = 6.0 Hz), 2.50 (1H, dd, J = 15.0 Hz, 7.5 Hz), 2.20 
(1H, dd, J = 13.5 Hz, 6.5 Hz), 1.79 (1H, dd, J = 12.5 Hz, 6.0 Hz), 1.21 (3H, d, J = 7.5 
Hz). 19F (470 Hz, CDCl3): δ −75.0; IR (neat): 2975 (w), 1768 (m), 1711 (m), 1219 (m), 
1158 (s), 816 (w). [α]22D = +16.6 (c = 0.252, CHCl3, l = 50 mm). 
 
O
Me
TFAO
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 tert-Butyl-(S)-3-methyl-4-oxobutyl (compound 1.64, table 1): The 
title compound was prepared using representative procedure A with 
olefin 1.63. The crude reaction mixture was purified on silica gel (10:1 
pentane: diethyl ether) to afford a clear, colorless oil (93 mg, 54% 
yield). Rf = 0.12 (10:1 pentane: diethyl ether, stain in KMnO4). 1H NMR (500 MHz, 
CDCl3): δ 9.69 (1H, d, J = 1.0 Hz), 2.78 (1H, dq, J = 14.0 Hz, 7.0 Hz), 2.64 (1H, dd, J = 
16.0 Hz, 7.0 Hz), 2.34 (1H, dd, J = 16.5 Hz, 6.5 Hz), 1.44 (9H, s); 13C NMR (125 MHz, 
CDCl3): δ 202.9, 170.9, 81.0, 42.8, 36.4, 28.0, 13.2; IR (neat): 2978 (w), 2933 (w), 2717 
(w), 1727 (s), 1367 (w), 1156 (w) cm-1; HRMS-(ESI+) for C9H16O3 [M+H]: calculated: 
173.1178, found 173.1184. [α]22D = −98.1 (c = 0.153, CHCl3, l = 50 mm).  
 
Analysis of Stereochemistry:  
The title compound 1.64 was subjected to NaBH4 reduction followed by benzoate 
protection, as depicted below. The analogous racemic material was prepared via the same 
route, using triphenylphoshine as achiral ligand in the hydroformylation reaction. Optical 
purity was determined by SFC analysis of the derived compound as compared to racemic 
product. Absolute stereochemistry was determined by analogy. 
 
 
Chiral SFC (OD-H, Chiralpak, 215nm, 3.0 mL/min, 1% i-PrOH, 100 bar, 35°C)-analysis 
of benzoate protected compound.  
 
      Enantioenriched Sample                                 Racemic Sample                         Co-injection 
 
 
1. NaBH4
2. Bz2O, Et3N
DMAP
optically pure sample
racemic sample
1. NaBH4
2. Bz2O, Et3N
DMAP
t-BuO
O Me
O
t-BuO
O Me
O
t-BuO
O Me
OBz
t-BuO
O Me
OBz
1.64
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(S)-2-Methyl-4-oxo-4-phenylbutanal (compound 1.66, table 1). The 
title compound was prepared using representative procedure A with 
olefin 1.65. The crude reaction mixture was purified on silica gel (6:1 
pentane: diethyl ether) to afford a clear, colorless oil (116 mg, 66% 
yield). Rf = 0.17 (5:1 pentane: diethyl ether, stain in KMnO4). All spectral data are in 
accordance with the literature.43  
 
 (S)-5-((tert-Butyldimethylsilyl)oxy)-2-methylpentanal 
(compound 1.68, table 1): The titled compound 1.68 was prepared 
with representative procedure A (using (R,R)-Ph-BPE ligand) with 
olefin 1.67. The crude reaction mixture was purified on silica gel 
(10:1 pentane: diethyl ether) to afford a clear, colorless oil (97 mg, 42 % yield). Rf = 0.26 
(10:1 pentane: diethyl ether, stain in KMnO4).  [α]22D = −46.8 (c = 0.556, l = 50 mm, 
CHCl3). All spectral data were in accordance with the literature.44 
 
Analysis of Stereochemistry:  
The titled compound 1.68 was subjected to NaBH4 reduction followed by 
benzoate protection, as depicted below. The analogous racemic material was prepared via 
the same route, using triphenylphoshine as achiral ligand in the hydroformylation 
reaction. Optical purity was determined by SFC analysis of the derived compound as 
compared to racemic product. Absolute stereochemistry was determined by comparison 
with literature.44 
 
Chiral SFC (OD-H, Chiralpak, 215nm, 3.0 mL/min, 3% i-PrOH, 100 bar, 35°C)-analysis 
of benzoate.  
                                                
43 Zhang, J.; Xing, C.; Tiwari, B.; Chi, Y. J. Am. Chem. Soc. 2013, 135, 8113. 
44 Rentsch, A.; Kalesse, M. Angew. Chem. Int. Ed. 2012, 51, 11381. 
TBSO
Me
O 1) NaBH4
2) Bz2O, TEA
TBSO
Me
OBz
TBSO
Me
O 1) NaBH4
2) Bz2O, TEA
TBSO
Me
OBz
optically pure sample
racemic sample
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Enantioenriched Sample               Racemic Sample 
 
 
 (S)-2-(((4-Methoxybenzyl)oxy)methyl)pentanal (Compound 1.84, 
Scheme 20). The title compound was prepared using representative 
procedure A with olefin 1.83. The crude reaction mixture was 
purified on silica gel (12:1 hexane: diethyl ether) to afford a clear, 
colorless oil (132 mg, 56% yield). Rf = 0.35 (6:1 hexane:diethyl ether, stain in KMnO4). 
1H NMR (500 MHz, CDCl3): δ 9.68 (1H, d, J = 2.5 Hz), 7.23 (2H, d, J = 9.0 Hz), 6.88 
(2H, d, J = 8.5 Hz), 4.43 (2H, m), 3.80 (3H, s), 3.66 (1H, dd, J = 9.0 Hz, 7.0 Hz), 3.61 
(1H, dd, J = 9.5 Hz, 5.0 Hz), 2.55 (1H, m), 1.65 (1H, ddt, J = 14.5 Hz, 7.5 Hz, 7.5 Hz), 
1.45 (1H, ddt, J = 14.5 Hz, 7.0 Hz, 7.0 Hz), 1.33 (2H, 2H, qt, J = 7.0 Hz, 7.0 Hz), 0.91 
(3H, t, J = 7.0 Hz); 13C NMR (125 MHz, CDCl3): δ 204.4, 159.5, 130.2, 129.4, 114.0, 
73.1, 68.5, 55.5, 52.2, 28.2, 20.4, 14.3; IR (neat): 2958 (w), 2933 (w), 2864 (w), 1725 (s), 
1612 (m), 1513 (s), 1465 (w), 1247 (s), 1086 (s), 1034 (s), 819 (s) cm-1; HRMS-(ESI+) 
for C14H19O3 [M+H]: calculated: 235.1334, found: 235.13. [α]D22 = −17.033 (c = 0.95, 
CHCl3). 
 
Analysis of Stereochemistry:  
The titled compound 1.84 was converted to the corresponding alcohol as shown 
below. The resulting alcohol was compared to racemic material prepared from 2-propyl-  
propan-1,3-diol. Absolute stereochemistry was assigned by comparing optical rotation of 
the alcohol to literature [lit. [α]D22 = −14 (c = 1.1, CHCl3)].45 
                                                
45 Yadav, J. S.; Nanda, S. Tetrahedron: Asymmetry, 2001, 12, 3223. 
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Chiral SFC (AS-H, Chiralpak, 215nm, 3.0 mL/min, 15% i-PrOH, 100 bar, 35°C)-
analysis of alcohol.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PMBO
Me1.84
O
optically pure sample
racemic sample
NaBH4
HO
Me
OH
NaH, PMBCl
PMBO
Me
OH
PMBO
Me
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